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Biological macromolecules such as, for example, proteins and nucleic 

small particles such as viruses and bacteria, are of great imporance both > diagnosis 

5 and for medical research. 

The established methods for charactertomg these substances from biological matrices 

are in some cases very complicated. Thus, for example, for nucleic ^ 

targ e, nucleic acid is isolated and men amplified and subjected to a suitable analytical 

sufficient qualities of nucleic acid for the established analyucal methods, the nucleic 
acid must be replicated by amplification in a further step. Only the polymerase chain 
reaction (PCR) has found relatively wide application for this hitherto. 

15 It is possible with "electrokinetic sample preparation" to carry out the entire nucleic 
acid analytical procedure from the isolation to the analysis, also avoiding the 
additional amplification, with previously unknown rapidity and automation. 

Purification and diagnosis of proteins 

20 Since different proteins have individual physical properties, there is no universally 
applicable method for purification. Mainly chromatographic and electrophone 
methods, precipitations, ultrafiltration, ultracentxifagation and size exclusion 
chromatography (Doonan, S., Methods Mol. Biol, 1996, 59, Totowa, NX, Humane 

25 1996 405ff) are used. For diagnostic applications, immunological methods winch 
, detect the target protein via specific antibody recognition have become established. 

Purification and diagnosis of nucleic acids 

30 In order to isolate nucleic acids from biological material for diagnostic applications, 
various disruption methods and subsequent purification methods are necessary, 
depending on the nature of the material. It must moreover in turn be ensured that the 
nucleic acid to be isolated is not decomposed. RNA in particular may easily be 
degraded by ubiquitous RNAses, so that addition of inhibitors for these interfering 

35 enzymes is necessary (Walker, 3.M., Methods Mol. Biol., 1984, 2, Clifton, NX, 
Humana, 1984, 1 13f£). The methods customary at present are oudined below: 
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A sirnole case of obtaining nucleic acid is the isolation from a pure bacterial culture: 
i rte^coli, alkie lysis liberates the nucleic acid; after - 
neutralization, this erode product can be used directly for PGR — (Rolfs, A. 
al. PCR: Clinical Diagnosis and Research. Berlin. Springer, 1992). 

5 However as a nue, the sample material for medical diagnostic methods has a more 
However, as a rw , y specimen, sputum, tissue samples, 

heterogeneous structure; blood, urine. CSF, smear specimen, sp 
faeces for example, require specific disruption methods which must in turn be 
^^Z S on the objective (detection of bacteria, fungi, viruses or genom.c 

10 nucleic acid from the carrier organism). 

The following is a brief summary of the most usual methods for purifying these 

samples: 

15 Phenol extraction of the nucleic acid with proteinase K treatment. 

Residing of the nucleic acid on a membrane filter; is used only for prepurified 
samples or samples with little lamination - such as urine - because of the 

problems of blockage. 

Solid phase, to which the nucleic acids can be bound make it possible to separate 
interfering and concomitant substances by washing steps. Examples thereof are: 
a) absorption on Glassmilk in sodium iodide buffer (Maiwald, M. et * BIQforurn 
1994 17 232-237). b) Attachment of the negatively charged nucleic acid to weakly 
-basic polymers (EP 0707077 and US 5434270). c) Cellulose matrices for direct 
absorption of blood, after which all the treatment steps including nuc toe acid 
liberation and purification take place. (Del Rio, S.A. et al. Biotechnigues, 1996, 20, 
970-974). d) Silica microparticles, which may also be embedded in membranes, can 
likewise be employed for nucleic acid purification (WO 95/34569). ^ exchange 
membranes (US 832284) or chemically modified silica phases (EP 0648777) 
likewise belong to this group. 

Electroelution apparatuses are also on the market (for example from Biometra) for 
macroscopic extraction of proteins, nucleic acids or viruses from gels (EP 380357). 

In order to obtain sufficient quantities of nucleic acid, the isolation of the nucleic 
acids is normally followed by an amplification step (EP 229701). 
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. ,t;™ «f- nucleic acid analyses take the form of anion exchange 
ADoroaches to automation of nucleic aao «»<»y _ . ( frrtrn 

App J . . . . 0 j crtrTlt ; on usine robot pipettors (BioRobot from 

/.v.mmatoCTaohv and nucleic acid adsorption using iwul vv v 

5 l0 be able to carry out the amplification therein (IP 7 107962). 
Purification and diagnosis of viruses 

Viruses are normally iso>ated and conceded b, the following methods: 
„i* g ati„n, electroextracuon, - ^1993 * 

chromatography and precipitation (Poison. Alfred, Prep. B,ockem., 1993, 23 
" New York, N Y., 1993). For diagnostic purposes, either immunology 
ZTZ for the protein coa, or nucieic acid analysis methods after liberate of the 
viral nucleic acids are employed. 

purification and characterization of bacteria 

Bacteria are normally isolated and cultivated by streaking methods on nutrient media. 
Available for isolation and characterization are immunological methods - fo 
20 example by fluorescent labelling -, nucleic acid determination methods - after cell 

lysis. 

All the methods, irrespective of the macromolecule, are uir^consuming, include 
numerous dilution steps and frequently do not guarantee removal of interfering 
25 . factors. The technical state of microchannd technology and of nucleic acid analyse 
. without amplification will be briefly outlined below. 

Microchannels 

30 Capillary electrophoresis is a relatively young analytical separation technique 
(St Claixe R.L., Anal. Chem. 1996, 68, 569R-586R). The principle is based on 
separation of analytes in an electrolyte-filled capillary by applying a high-voltage 
field between the ends of the capillary. 

35 Capillary electrophoresis analytical methods have been employed for some years for 
analysing biological macromolecules such as proteins (WO 93/22665), nucleic acids 
(Heller. C, J. Chromatogr. A.. 1995, 698, 19-31) and recently also viruses 
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(DE 4438833). Detection takes place either directly with UV or by means of 
fluorescence detection after labelling of the macromolecules (Pentoney. S.L., Jr., et 
al. Handbook of Capillary Electrophoresis, p. 147, Landers. J.P. (Ed.) Boca Raton, 
CRC Press. 1994). Almost all apparatus manufacturers provide analytical kits for 

5 nucleic acid analysis using CE. Since 1995 there has also been a completely 
automatic nucleic acid analyser based on CE, the ABI Prism 3 10 from Perkin-Elmer 
(Applied Biosystems). Injection of the nucleic acid into the capillary normally takes 
place electrokinetically by applying a voltage. However, the amount which can be 
loaded electrokinetically is limited since otherwise peak broadening and sample 

10 discrimination occurs (Butler, J.M., et al. J. Chromatogr.B, 1994, 658. 271-280). 

A marked increase in sensitivity was achieved by the introduction of laser-induced 
fluorescence detection into capillary electrophoresis (St. Claire R.L., Anal. Chem. 
1996, 68, 569R-586R), which has already been commercialized by Beckman. This 
15 make's it possible also to analyse intact viruses by CE (DE 4438833). Proteins can be 
detected by fluorescence only after specific modification. 

Concentration in the microchannel 

20 One disadvantage in principle of CE is the low injection volume which amounts to 
only a few nanolitres. A large number of attempts has been made to compensate for 
this disadvantage (St. Claire R.L.. Anal. Chem. 1996, 68, 569R-586R). These include 
isotachophoretic concentration and stacking, both of which lead to focusing of the 
sample constituents in the injection volume. A patent application was filed in 1993 

25 (WO 93/05390) by Guzmann for a specific solid-phase adsorption in the capillary for 
.sample concentration. Specific compounds in a sample are retained or allowed 
through by specific molecular interaction. A further development of these methods 
was made by Tomlinson et al. with membrane preconcentration capillary 
electrophoresis (Tomlinson, A.J., et al. J. High Res. Chromatogr. 1995. 18, 381- 

30 383). Introduction of a reverse phase membrane into the capillary leads to lipophilic 
sample constituents being retained in a solid-phase extraction in the membrane, and 
then eluted with an organic solvent through the membrane and separated by capillary 
electrophoresis. 



CE chips 



Caoillarv Array Electrophoresis was developed by various research groups, mamly 
foT tSTSd seeing, and a pate* application has been filed » pan 
5 ^7). Huorescen. molecules underwent voltage-dependent control and 

analysis in microcapillary systems produced by photolithography. 

Likewise based on chip technology, micromacbines which make P"°"<°> 
for solutions for synthetic or analytical purposes through a network of 
10 channels and electrical switches have been patented (WO 96715450). 

Amplification-free nucleic acid analyses 

Based on the high sensitivities of fluoresce.ee detection, a patent application has 
15 been filed for flow cytometry for single molecule detection (WO 90/14589). 

Fluorescence correlation spectroscopy has likewise been employed for biological 
I^g methods via single molecule detection (BP73U73). H.gh 
nucleic acid sequencing based on this technology is also bemg worked on (Hardmg 
20 JD et al. Trends in Biotechnolo^ 1992, 10. 55-57). These methods are based on 
the detection of a single fluorescent molecule in a very small volume element. 

The intention of the present invention was to develop an automated meth od which 
permits macromolecules (nucleic acids, proteins, viruses and bactena) tan 
25 biological materials such as. for example, blood, blood plasma, serum, CSF unne, 
.tissue samples, plants, cells, cell supernatants etc. and preparations thereof to be 
isolated, concentrated and made available for analysis. 

The central component of the sample preparation module is a microchannel which 
30 can be thermostatted and has an introduced membrane. This channel, winch » filled 
with a conducting liquid, is in contact at both ends with exchangeable or permanently 
installed vessels. Applying a potential difference between the sample vessels makes 
electrophoretic mobilization of charged molecules possible. The poss.bihty of 
applying a pressure difference additionally makes it possible to generate a lammar 
35 flow in the microchannel. Figs. 1-5 show a simplified diagrammatic representation. 
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A membrane (2) is introduced into a microchannel (1) and is suable for retammg 
Quired macromolecule. Part of the sample is injected into the channel by 
flying a pressure difference (6) and/or a voltage (5) to the ends of the 
SSLd V 4) (H g . 1). injection is continued until a sufficient quanU^ 
Quired macromolecule is present in the microchannel. The mjecuon can be « 
o suit the required target molecule by the combination of the parameters pH 
iXale properties characteristics of the microchannel. polarity of the ^ voUage and 
Section of the pressure gradient, so that only the required macromolecule either 
enters the channel or is held by the membrane. 

The microchannel has an internal diameter of 10-100 urn and a total length of 
3-50 cm. The microchannel is made from an electrically nonconducting material such 
as polymer, ceramic, glass or quartz. All synthetic polymers are suitable m pnnapl. 
The polymer must be inert towards the buffer solutions employed, and » rfe*y 
, ^spareTfor optical detection methods (for example P*£^£ 
polyesteracrylate, polymethacrylate. polyurethane, polyacrylamide), but PTFE is also 
suitable. To obtain favourable surface properties, the channel can be coated on the 
inside with a polymer (for example polyacrylamide, silanol or polyvinyl alcohol). 

D Irrespective of the type of macromolecule investigated, it is possible to employ 
membranes which operate on the size exclusion principle (ultrafiltration membrane). 
The size exclusion range must be adapted to suit the molecular^size of the 
macromolecule. The range of the membranes extends from Mw 3000 for small 
proteins or nucleotides, through size exclusion ranges in the lower nm range for large 

•5 nucleic acids and viruses, up to 0.45 mm for bacteria and cells. The membranes 
comprise polymers with a microstructure, preferably polyethersulphone (PES) 
polyester, fabric-supported acrylic polymer, polytetrafluoroethylene (PTFE), 
polysulphone, polypropylene (PP), glass fibre, nylon or polycarbonate. It is 
additionally possible to employ ion exchange membranes and adsorpuon phases. 

30 However, the choice of these membranes depends on the nature of the 
macromolecule and is therefore treated individually. 

After optimal change of the sample vessel (3) for a concentration buffer vessel (7), 
the injected macromolecule is concentrated in front of or in the membrane (2) by 
35 applying a pressure difference (6) and/or a voltage (5) (Fig. 2). The required 
macromolecule is then present in a volume of a few nanolitres. 
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After optimal change of the vessel, (4, 7) for the reagent vessels (8, 9) the solution 
present therein, or constituents thereof, can be brought into the * 
applying a pressure difference (6) and/or a voltage (5) (Fig- 3). The condmons are 
21 so L the target molecule remains concentrated during this. The -get 
5 molecule can be enzymatically or chemically modified in to. way, and/or be 
specifically recognized by hybridization or immunological recognition. The 
possibility of thermostatting the microchannei (1) and the possibility of changing the 
reagent vessels several times permit complex reactions and cyclic processes Any 
derivation reactions necessary for fluorescence, chemiluminescence or laser- 
10 induced fluorescence detection are also carried out in this modification step. 

The required reaction temperatures are reached by thermostatting the microchannei 
(1) For this purpose, either liquid or air at an appropriate temperature is passed by 
the microchannei. The thickness of the microchannei wall is moreover chosen so that 

15 adequate removal of heat is ensured. 

After optimal change of the reagent vessels (8. 9) for the buffer vessels (10, 1 1), the 
target molecule is mobilized by applying a pressure difference (6) and/or a voltage 
(5)° (Fig 4) The molecule can be determined analytically (13) directly in the 
20 microchannei (1) by optical detection methods (12) such as absorption or 
fluorescence. Detection methods analogous to those in CE are available (St. Claire 
R.L., Anal. Chem. 1996, 68, 569R-586R). 

For this purpose, the microchannei is made transparent, either completely or at one 
25 point, for optical radiation. The transmission of the excitation radiation and of the 
fluorescence radiation must moreover be ensured. The materials are preferably the 
nonconducting ones explained at the outset. The fluorescence radiation is measured 
in a defined angle of 0-180° perpendicular or in reflexion to the incident wavelength. 
Irradiation preferably takes place at 45° or 90°. 

The highly concentrated analytical target is, however, also available for more 
extensive analyses (Fig. 5). Thus, the target molecule can be fractionated into the 
analysis vessel (14) or into or onto any other analytical target. 

35 The analysis vessel (14) contains 1-1000 ml of a buffer suitable for the further 
analysis. This is, for example, PBS buffer, tris/borate or a tris/glycine buffer. The 
analysis vessel (14) may be a flat analytical target, for example a mass spectrometry 
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sample carrier. Electrical contact is made either directly through the conducting 
sample earn between electrode and microchannel with 

analytical target or by wetting the surface between eicrc 

an electrically conducting liquid. 

5 if the charmc! b addition^ bached, the cor,cer.tra K d urge, ; molecule car, be 
brough,, by switching over to pressure or voluge, into Cher chapels for toher 
I,yses - b therefore directly compile with CE ch.p technology 
(WO 96/04547). 

10 Fractionated macromolecules can be further analysed by all conceivable method^ 
The highly concentrated macromolecule is eluted in less than one rnicrohtre and can 
be loaded directly into suitable liquid matrices or else onto solid sample earners. 

A diagrammatic representation of the parallel design is to be found in Fig. 6. The 
15 microchannels (1) are produced from nonconducting materials such as polymer 
ceramic glass or quartz (15) and coated where appropriate The channel b^Ks ar 
joined together with an intermediate membrane layer (2) so that the channels meet a 
the membrane. The arrangement of the channels depends on the sample format. The 
following additional devices are not depicted. To remove Joule's heat, where 
20 appropriate additional thennostatting elements are introduced. The channels are 
tapered at the ends so that they can be introduced into the respective vessels or are 
tightly connected to permanently installed vessels. For electrical contact electrodes 
are attached either to the channel ends or inside the vessels and are supplied from a 
high voltage source. 

-For the thermostatting, for example, channels which lie perpendicular to the direction 
and between the planes of the microchannels are placed in the analysis block. Liquid 
or air at an appropriate temperature can be pumped through these channels. 

30 For distinctly faster concentration of the samples, a parallel capillary arrangement has 
been developed. Diagrammatic representation of this module is to be found m Fig. 7 
Beside the microchannel (1) there is the distinctly wider channel (16). The height of 
the channel corresponds to the dimension of the microchannel (10-100 urn) so that 
Joule's heat can still be removed efficiently. However, the width of the channel 

35 (100 um to 10 mm) allows flow rates up to 10 3 higher than in the microchannel (1). 
The membrane is clamped between the module blocks (15). The entire module is 
thus 3 to 10 cm long, 1 to 50 mm wide and 0.1 to 50 mm thick. The channel ends are 
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in turn connected to either exchangeable or permanently installed sample vessels. It is 
also possible by parallel arrangement to achieve a design analogous to that in Fig. 6 
The macxomolecules are concentrated in the channel (16) and then transferred 
through the transfer channel (17) into the microchannel and further processed in 
analogy to the methods from Figs. 1-6. Schematic enrichment of macromolecules 
using this rapid concentration is described below for the example of nucleic acids. 

The enrichment of nucleic acid from salt-containing solution takes place by applying 
a voltage to the shallow channel (16) (Fig. 8a). Besides the excess of small anions 
(small black beads), the nucleic acid from the sample is also injected. The anionic 
molecules migrate through the membrane (2) and are thus removed from the nucleic 
acid The voltage is maintained until all nucleic acids are immobilized on the 
membrane surface (Fig. 8b). If a voltage is now applied as indicated between the 
shallow channel (16) and the microchannel (1), then the purified and concentrated 
nucleic acid migrates from the large membrane surface of the shallow channel (16) to 
the membrane of the microchannel (Fig. 8c) and is subsequently available for further 
treatment and analysis (Figs. 3-6). It is also possible during this transfer step 
simultaneously to carry out modification reactions on the concentrated 
macromolecule. 

1. Description of nucleic acid concentration 

1.1 Nucleic acid is liberated by a suitable, established method (lysis, 
hydrolysis, ultrasound etc.) from the sample to be investigated and is 
mixed with a suitable acidic extraction buffer. The buffer must be 
designed so that non-nucleotide constituents of the solution do not carry 
an excess anionic charge. Below a pH of about 5, proteins no longer 
show an excess negative charge. It is possible to employ inorganic acids 
such as hydrochloric acid, phosphoric acid or sulphuric acid as well as 
organic phosphoric acid derivatives or sulphonic acids. However, a 
polymer-bound, acid ion exchanger (for example polystyrenesulphonic 
acid) is preferably employed. The acidic pH is achieved by using the ion 
exchanger, without introducing additional anions into the solution. This 
favours electrokinetic nucleic acid extraction. 



35 



1.2 The nucleic acid is extracted from this acid-buffered solution by 
electrophoresis. For this purpose, an electrode is introduced into the 



t » A 32 145 - Fo^ ^_Couniries- 




- 10- 



10 



15 



20 



25 



30 



35 



solution and brought to a cationic potential. The electrode in the buffer 
vessel (4) (Fig. 1) is brought to an anodic potential, and the microchannel 
(1) is filled with an electrically conducting liquid. The composition of the 
electrolyte depends on the nature of the immobilization technique. It is 
preferably an aqueous borate-, phosphate- or citrate-based buffer. Glycine 
is also a suitable buffer ion. The buffer concentration is between 10 and 
100 mmol/1. The P H is between 2.5 and 8.5. For example sodium atrate 
(20 mmol/1, pH 5.0) or tris/borate (100 mmol/1, pH 8.5). A modifier, 
preferably a chaotropic agent such as, for example, urea in molar 
concentration, is optionally added. The loading can be followed by UV or 
fluorescence detection - after previous derivatizauon - in the 
microchannel (1). 

1.3 The extracted nucleic acid is immobUized and concentrated in the 
channel with the aid of the introduced membrane while maintaining the 
voltage (Fig. 2). In addition to the size exclusion membranes, also 
suitable for nucleic acids are the soft anion exchangers, for example 
based on amines. Alkylamine-, imidazole- or pyrrolidone-substituted 
polymers are preferred. The nucleic acids can also be retarded by 
adsorption on membranes. The membranes contain, for example, 
nanoparticles, preferably silica-based or metal oxide pigments. Specific 
nucleic acid strands are immobilized by solid-phase hybridization with 
immobilized oligonucleotides. 

1 4 The nucleic acid which has been concentrated to a few nanolitres can be 
modified and analysed in a variety of ways (Fig. 3). The open channel 
system allows reagents to be introduced and removed by pressure or 
voltage. The polarity of the voltage is maintained as in the extraction and 
focusing. Combined with a suitable temperature control, enzymatic 
cleavages, Sanger sequencings, gene probe hybridization, but also PCR 
reactions, are possible in the microsystem. 

For example, the nucleic acid can be labelled with intercalating dyes. 
These are preferably fluorescent derivatives such as ethidium bromide, 
acridine orange, or dimers thereof, such as 1,1 '-(4.4,7, 7-tetramethyM,7- 
diazaundecamethylene)-bis-4-[3-methyl-2,3-dihydro-(benzo-l > 3- 
oxazole)-2-methylidene]-quinolinium tetraiodide (YOYO). The choice of 



i Mil i i 





10 



is 



20 



- li- 



the dye depends primarily on the chosen detection unit. YOYO is, for 
example, ideal for fluorescence detection after excitation with an argon 
laser, whereas the corresponding YOPRO dimer is ideally suited or the 
infrared laser. These dyes are also distinguished in that scarcely any 
background fluorescence occurs, because these dyes fluoresce only in the 
intercalated state. The positively charged YOYO can be introduced, for 
example, electrokinetically from the reaction vessel (9) while switching 
in the focusing voltage. 

Distinctly greater specificity can be achieved, for example, by a 
fluorescence-labelled gene probe. The gene probe consists of a nucleotide 
sequence which is complementary to the target nucleic acid and which 
carries one or more fluorescent dyes. The choice of the dye depends 
primarily on the chosen detection unit. Fluorescein isothiocyanate or 
reactive coumarin derivatives are preferably employed for fluorescence 
detection after excitation with an argon laser. 

Enzyme-catalysed reactions such as restriction enzyme digestion, PCR 
reaction and Sanger sequencing are carried out by transporting the 
required enzymes and substrates needed to the nucleic aad in the 
microchannel. 

1 5 The concentrated nucleic acid can be eluted in a few nanolitres in a 
suitable buffer by applying pressure and/or voltage and is available for 
25 further analyses. 

For this purpose, the polarity of the voltage is reversed so that the anode 
is now in the analysis vessel (14) (Fig. 5). It is preferred for the 
microchannel and buffer vessel (11) to be filled previously with an 
30 aqueous buffer of the abovementioned composition. The subsequent 

analyses which can be carried out are PCR reaction, CE separations, 
DNA sequencings, hybridization reactions, mass spectrometric analysis 
or molecular biological methods. 

35 1 6 The nucleic acid can be analysed by electrophoresis within the 

microsystem (Fig. 4). In this case, as for the elution. the buffer vessel 
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(10) is brought to an anodic potential. Nucleic acid fragments can be 
separated as a function of size in a suitable sieve medium. 

The buffer vessels (10, 11) and the microchannel (1) are for this purpose 
filled with a polymer-containing buffer solution. This pre erably 
comprises linear soluble polymers, for example acrylamide, polyvinyl 
alcohol, cellulose (modified and unmodified), dextran or agarose. The 
remaining composition of the buffer corresponds to the general 
composition. 

1 7 Direct fluorescence detection of the nucleic acid in the microsystem is 
possible by using fluorescence-labelled probes, fluorescence-labelled 
terminators in the Sanger sequencing or intercalating dyes. 



15 2. Viruses 



2 1 The virus-containing sample is brought to a pH such that the virus to be 
investigated, or the viruses to be investigated, carries an excess negative 
charge. It is possible, if necessary, beforehand to carry out nuclease 
20 digestions or virus modifications. 

Suitable buffers have already been described in the general method. The 
P H of the buffer must be distinctly higher than the P K of me virus. Acidic 
buffers such as sodium citrate are therefore dispensed with, and hkewise 
25 - modification reagents are not used. Nuclease digestions are preferably 

carried out by adding RNAses or DNAses. An outstandingly suitable 
example is benzonase. Modification reactions can be carried out in the 
form of staining reactions with intercalating dyes (cf. 1.4) or by 
incubation with fluorescence-labelled antibodies. The choice of the dye 
30 depends in both cases on the chosen mode of detection. 

2.2 The negatively charged viruses are extracted from this buffered solution 
by electrophoresis. For this purpose, an electrode is introduced into the 
solution and brought to a cationic potential. The electrode in the buffer 
35 vessel (4) (Fig. 1) is brought to an anodic potential and the microchannel 

(1) is filled with an electrically conducting liquid. The composition of the 
electrolyte corresponds to the general composition of the buffer. The 
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loading can be followed by UV or fluorescence. During, the injection, a 
pressure difference can additionally be applied between the buffer vessels 
(3 and 4). 

2.3 The extracted viruses are immobilized and concentrated in the channel 
with the aid of the introduced membrane (Fig. 2). The membrane 
operates on the size exclusion principle, with the pore size being between 
10 and 200 nm depending on the virus. 

2.4 The viruses which have been concentrated to a few nanolitres can be 
modified and analysed in a variety of ways (Fig. 3). The open channel 
system permits reagents to be introduced and removed by means of 
pressure or voltage. Combined with a suitable temperature control, all 
derealization methods for proteins and nucleic acids are possible in the 
microsystem (cf. 1-4 and 3.4). The viruses can also be lysed on the 
membrane, and the nucleic acids and/or the proteins can subsequently be 
analysed (cf. 1.4-1.7 and 3.4-3.7). 

In the case of virus lysis, the size exclusion membrane must have 
20 dimensions such that the target proteins or nucleic acids are likewise 

retarded. Every lysis protocol is suitable in principle. It is preferred to use 
denaturing conditions such as extreme pH values, chaotropic reagents or 
detergents. Examples are dilute sodium hydroxide solution, guanidinium 
hydrochloride or sodium dodecyl sulphate (SDS). The lipoprotein 
25 • membrane can be removed from enveloped viruses by using nonionic 

detergents (for example NP-40). 

2.5 The concentrated viruses can be eluted in a few nanolitTes in a suitable 
buffer by applying pressure and/or voltage and are available for further 
30 analyses. 

For this purpose, the polarity of the voltage is reversed so that the anode 
is now in the analysis vessel (14) (Fig. 5). It is preferred for the 
microchannel (1) and the buffer vessel (11) to be filled previously with 
35 an aqueous buffer of the abovementioned composition. After 

fractionation into a buffer-filled analysis vessel (14) it is possible to carry 
out, for example, pathogenicity assays or CE separations with the viruses. 
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After fractionation onto a flat analytical target (14) it is possible for the 
viruses for example to be examined by direct electron microscopy. 

2 6 The viruses can be analysed by electrophoresis within the microsystem. 
5 In this case, as for the elution, the buffer vessel (10) is brought to an 

anodic potential (Fig. 4). 

2.7 The viruses can be identified by fluorescence spectroscopy by use of 
fluorescence-labelling methods for proteins or nucleic acids (cf. 1.4 and 
10 3.4). 

3. Proteins 

3.1 The protein-containing sample is brought to a pH which is at least one 
15 i 0 g stage close to the pK of the protein. If the solubility properties of the 

protein permit, the pH is set below the pK of the protein so that the 
protein is in the positively charged state. This case will be discussed 
through below. For negatively charged proteins, the voltage relationships 
are correspondingly inverted. Suitable buffers correspond to the general 
20 conditions. Alkaline-buffered phosphate and citrate buffers are preferably 

used, for example sodium citrate, 20 mmol/1, pH 2.5. 

3.2 The positively charged proteins are extracted from this buffered solution 
by electrophoresis. For mis purpose, an electrode is introduced into the 

25 solution and brought to an anionic potential. The electrode in the buffer 

vessel (4) (Fig. 1) is brought to a cathodic potential and the microchannel 
(1) is filled with the buffer. The composition of the electrolyte depends 
on the type of immobilization technique and corresponds to the general 
conditions. A modifier, preferably an organic solvent such as, for 

30 example, methanol between 5 and 30%, is optionally added. The loading 

can be followed by UV or fluorescence detection - after previous 
derivatization - in the microchannel (1). 

3.3 The extracted proteins are immobilized and concentrated in the channel 
35 with the aid of the introduced membrane (Fig. 2). Besides the size 

exclusion membrane, also suitable for proteins are ion exchange 
membranes. Soft anion exchangers preferably used for negatively 
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charged proteins are DEAE phases. The strong anion exchangers mainly 
used are quaternary ammonium phases. In the case of the catioruc 
proteins discussed here, suitable soft exchangers are mainly carboxyhc 
acid phases and strong exchangers are Aphonic acid phases. For specific 
proteins, the membranes can be coated with appropriate antibody and 
thus be affinity-enriched. 

3 4 The proteins which have been concentrated to a few nanolitres can be 
modified and analysed in a variety of ways (Fig. 3). The open channel 
system permits reagents to be introduced and removed by means of 
pressure or voltage. The polarity of the voltage is maintained dunng the 
extraction and focusing. Combined with a suitable temperature control, 
enzymatic cleavages, complexations, chemical derivatizations or 
antibody bindings are possible in the microsystem. 



For example, the protein can be reacted with reactive dyes. These are 
preferably amine-specific dyes such as. for example, fluorescein 
isothiocyanate (FITC). The choice of the dye depends primarily on the 
chosen detection unit. FITC is, for example, ideal for fluorescence 
20 detection after excitation with an argon laser. 

Distinctly greater specificity can be achieved, for example, by 
fluorescence-labelled antibodies. In the subsequent separation, the 
protein-antibody complex is then determined by fluorescence. 

3.5 The concentrated proteins can be eluted in a few nanolitres in a suitable 
buffer by applying pressure and/or voltage and are available for further 
analyses. 

For this purpose, the polarity of the voltage is reversed so that the 
cathode is now in the analysis vessel (14) (Fig. 5). It is preferred for the 
microchannel and the buffer vessel (11) to be filled previously with an 
aqueous buffer of the abovemeniioned composition. Subsequent analyses 
which can be carried out are CE separations, mass spectrometry analyses, 
enzyme assays, binding studies or immunological methods. 



35 
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v~ *„»wd bv electrophoresis within the microsystem 
3.6 The proteins can be analysed Dy eietuvyuu* * 

(Fig. 4). 

3 7 The proteins can also be identified by fluorescence spectroscopy by using 
fluorescence-labelled antibodies, fluorescent enzyme substrates, 
fluorescent binding partners or derealization reagents. 



4. Bacteria 



10 



15 



20 



25 



30 



35 



4 1 The bacteria-containing sample is brought to a P H such that the 
bacterium to be investigated carries an excessive negative charge. If 
necessary, nuclease digestions or protein modifications can be earned out 
beforehand. 

The suitable buffers have already been described in the general method. 
The pH of the buffer must be distinctly higher than the pK of the 
bacterium. Acidic buffers such as sodium citrate are therefore dispensed 
with, and modification reagents are likewise not used. Nuclease 
digestions are preferably carried out by adding RNAses or DNAses. An 
outstandingly suitable example is benzonase. Modification reactions can 
be carried out in the form of staining reactions with intercalating dyes 
(cf 1 4) or by incubation with fluorescence-labelled antibodies. The 
choice of the dye depends in both cases on the chosen mode of detection. 

4 2 The negatively charged bacteria are extracted from this buffered solution 
by electrophoresis. For this purpose, an electrode is introduced into the 
solution and brought to a cationic potential. The electrode in the buffer 
vessel (4) (Fig. 1) is brought to an anodic potential and the microchannel 
(1) is filled with an electrically conducting liquid. The composition of the 
electrolyte depends on the nature of the irnmobilization technique. The 
loading can be followed by UV or fluorescence. 

4 3 The extracted bacteria are immobilized and concentrated in the channel 
with the aid of the introduced membrane (Fig. 2). The membrane 
operates on the size exclusion principle (ultrafiltration membrane) or the 
ion exchange principle (anion exchanger). The membranes preferably 
used for the sterile filtration have an exclusion size of 0.1 - 0.45 um. 
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Howevex, it is also possible to employ the same anion exchangers as for 

the proteins (cf. 3.3). 

4 4 The bacteria which have been concentrated to a few nanolitres can. for 
example, be lyophilized on the membrane and then the protein, or 
nucleic acids can be modified and analysed in a variety of ways (Rg. 3). 
The open channel system permits reagents to be introduced and removed 
by means of pressure or voltage. Combined with a suitable temperature 
control, all derivatization methods for proteins and nucleic acids are 
possible in the microsystem (cf. 1.4-1.7 and 3.4-3.7). 
The size exclusion membrane must in the case of bacterial lysis have 
dimensions such that the target proteins, or nucleic acids, are likewise 
retarded. Every lysis protocol is suitable in principle. Denaturing 
conditions are preferably used, such as extreme P H values, chaotropic 
reagents or detergents. Examples are dilute sodium hydroxide solution, 
guanidinium hydrochloride, urea or sodium dodecyl sulphate (SDS). 

4.5 The concentrated bacteria can be eluted in a few nanolitres in a suitable 
buffer by applying pressure and/or voltage and are available for further 
analyses. 

For this purpose, the polarity of the voltage is reversed so that the anode 
is now in the analysis vessel (14) (Fig. 5). It is preferred for the 
microchannel (1) and the buffer vessel (1 1) to be filled previously with 
an aqueous buffer of the abovementioned composition. After 
fractionation into a buffer-filled analysis vessel (14) it is possible to carry 
out, for example, pathogenicity assays or electrophysiological 
experiments with the bacteria. After fractionation onto a flat analytical 
target (14) it is possible for the bacteria to be examined, for example, by 
direct light or electron microscopy, or to be identified, for example, 
microbiologically via plaques on an agar plate. 

4.6 The bacteria can be analysed by electrophoresis within the microsystem 
(Fig. 4). 



4.7 The bacteria can also be identified by fluorescence spectroscopy by 
fluorescence-labelled antibodies or fluorescent binding partners. 
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A precondition for all conventional methods of J 
processing of the complete sample volume by the extraction medium. Howeve, 
manipulation of large-volume samples prevents miniatunzauon wh.ch is in turn 
5 absolutely necessary in order to increase the speed of analysis and the sensitivity^ 
combinauon of direct electrophoretic extraction with an immobilization membrane 
on the microscale makes it possible for the first time to combine large sample 
volumes directly with a nanoanalytic technique. 

10 Compared with established methods, the method is distinguished in particular by the 
simplified isolation and exceptional enrichment rates. 

If the sample is eluted from the microchannel by electrophoresis or using pressure, it 
is subsequendy possible to cany out further nanoanalytical methods. After chlution 
15 the isolated sample is also available for conventional macroscopic analytical 
methods. The method then represents a very efficient sample preparation module for 
these techniques. 

It is possible by concentrating nucleic acids in many cases to avoid additional 
20 amplification steps. The method can thus replace PCR, for example. 

The method can also be employed as disruption method for viruses, bacteria and 
other cells. For example, bacterial material is isolated and then the bactenum is 
disrupted in the microchannel, and the liberated nucleic acid is derivatized and 
25 analysed. 

The method can be employed advantageously for direct nucleic acid sequencing for 
diagnosis and research. In the case of human DNA this makes it possible to analyse 
for inherited genetic defects caused by deletions, mutations or translocations. 
30 Possible areas of use which may be mentioned here are: cystic fibrosis, Down's 
syndrome, sickle-cell anaemia, Huntington's chorea, haemophilia A and B. Another 
application of this nucleic acid analysis is in tumour diagnosis and the general 
identification of genetic predispositions for certain diseases. In this connection, 
analysis of tumour suppressor genes and oncogenes is of particular interest. 

Another use is in combination with nucleic acid amplification methods (such as, for 
example, PCR). 
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The method can also be employed for direct gene probe analysis of drug-resistant 
organisms or for subclassification. 

5 As quality assurance method, the invention also makes it possible to monitor 
genetically engineered products for which freedom from nucleic acids must be 
ensured. 

Investigation of intact viruses, bacteria or their nucleic acid or their proteins can be 
10 employed for infection diagnosis. Nucleic acids or proteins from fungi or parasites 
can also be analysed for these purposes. In the case of the viruses, the most important 
viral representatives which may be mentioned here by way of example are HIV 1 and 
2, HTLV, HSV, CMV, HPV, Hepatitis A, B, C, D, E, F, G. VZV, rotaviruses, EBV 
and adenoviruses. The most important bacterial representatives include chlamydias, 
15 mycobacteria, shigella, Campylobacter, salmonellas, neisserias, staphylococci, 
streptococci, pneumococci. In the case of fungi, the most important pathogens 
include candida, aspergillus and cryptococcus. 

Another area of use is to be regarded as the safety monitoring of biological samples. 
20 An example of the importance of this is in the testing of donated blood and all 
products manufactured from blood. The areas of use substantially correspond to those 
of infection diagnosis. 

This method permits for the first time the direct high-sensitivity detection of intact 
25 viruses. It is moreover possible to measure directly any viruses, including unknown 
ones. This has enormous significance both for infection diagnosis and for the safety 
of products from biological materials, because it is possible with all other methods to 
detect only specific viruses individually. 

30 The proteins obtained by electrokinetic sample preparation are, because of their 
enrichment and purification, more readily amenable to subsequent immunodiagnostic 
analysis. In this connection, various proteins such as, for example, transferrin, 
fibrinogen, p-2 microglobulin, hCG or tumour markers (AFP, CEA, CA 15-3, 
CA 19-9) have great diagnostic relevance in human diagnosis. 
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Examples 
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Electrokinetic injection of nucleic acid 

To check the electrokinetic injection of nucleic acid, model DNA was injected into a 
micxochannel by applying voltage and was measured by UV. The experiment was 
intended to show that it is possible to extract nucleic acid electrokineucally. 

Serial dilutions of pBr DNA (Boehringer Mannheim) from 250 to 1.25 mg/1 were 
prepared and placed in the sample vessel. Injection was followed by electrophone 
separation. The measurement conditions are shown in Table 1 . 

A plot of the peak areas against the DNA concentration shows a saturation of tine 
increase in peak areas at high DNA concentrations. The injected amount of DNA 
above 100 mg/1 is limited by the electric current and not by the DNA concentration It 
was thus possible to show that nucleic acid can be concentrated electrokineucally 
from a solution over a wide concentration range. 

Table 1: Measurement parameters for the electrokinetic nucleic acid injection. 



Voltage: 


-20 kV -I 


Buffer: 


Sodium citrate f 20 mmol/L pH 5.0, Fluka) 


Capillary: 


PVA-coated quartz capillary, 50 >im internal diameter, 
64.5 cm length, 56 cm to the detector (Hewlett- 
Packard, Waldbronn) 


Capillary electrophoresis 
apparatus: 


3H HPCE (Hewlett-Packard, Waldbronn) 


Temperature: 


25°C . -J 


Detection: 


DAD 190-600 nm, X 260 ± 8 nm 


Injection: 

Capillary flushing 
before the injection: 


Electrokineucally (20 sec x - 10 k\Q 

1. Water(lmin,5x 10 4 Pa) 

2. Buffer (3 min. 5 x 10 4 Pa> 1 
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Size exclusion membrane recovery rate 

To check the retardation of nucleic acid on a size exclusion membrane, pBr DNA 
was injected electrokinetically into the microchannel and then mobilized 
electrophoretically in the channel to the anode. A UV detector was located between 
the injection end of the channel and the size exclusion membrane present m the 
channel (cf. Fig. 4). The pBr DNA (250 mg/1) was electrophoresed past the detector, 
and the electrophoresis was continued until the DNA would have left the channel 
without the membrane. The polarity of the voltage was then reversed and thus the 
retarded DNA was again moved past the detector. The measurement parameters are 
shown in Table 2. 

Table 2: Measurement parameters for the clectrophoretic nucleic acid recovery 

from a size exclusion membrane. 



20 



Voltage: 


1 

-10 kV for 10 min, then +10 kV for 10 min 


Buffer: 

Capillary: 


Tw/k^r*^ nnn mmol/1. pH 8.5) 

Coated quartz capillary, 75 ^m internal diameter, 

34 cm length, 8.5 cm to the detector (Biorad, Munich) 


Membrane: 


After 20 cm, the capillary was divided and, after 
introduction of the membrane (memfil PCTE 10 nm 
from Membrapure), reconnected with a Teflon 
shrinkable tube. 


Capillary electrophoresis 

apparatus: 

Temperature: 


3H HPCE (Hewlett-Packard, Waldbronn) 


25°C 


Detection: 


DAD 190-600 nm, X 260 ± 8 nm 


Injection: 


Electrokinetically (10 sec x - 10 kV) _ 


Capillary flushing 
before the injection: 


1. Water (1 min, 5 x 10 4 Pa) 

2. Buffer (3 min, 5 x 10 4 Pa) 



The electrokinetically injected DNA migrated after 1 .7 min through the UV detector. 
Without a size exclusion membrane, the DNA would leave the channel after 7 min. 
The electrophoresis was, however, continued for a total of 10 min. and then the 
polarity of the voltage was immediately reversed. The retarded DNA in the capillary 
migrated back through the UV detector again. After 12.05 min it was possible to 
detect a signal which corresponded exactly to the peak area of the injected DNA. The 
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■ment with 3-nitrobenzenesulphonic acid showed, as expected, only 

^ ^ed under --^^ ^ injectioDS ta one The peak 
sh owed me centra™ » ^ ^ ^ ^ of te 

areas of the three single injections corr v e i ectr0 phoretically 



10 remobilized. 



Nucleic acid extraction 



20 



* / u ^cessarv to transfer the available amount of 
tato ^ddcc^*»J^ solution ^ ^ 

nucleic acid as quanutauvely as possible from P leic acid 

^channel. If the nucleic acid is 
ought now to be extractable from the same sample vessel in 

. ,nM4 tho nKA was stained with the intercalating 
„ order ,o minimize the amount of DNA *e ™f™ „ 

dye YOYO Woieeuiar Prooe^ dete «d W ! ^ ^ ^ 

(LIF). For Uus purpose 1-4 £ * ^ ° . ncuba , ed „ RT tor „ lea st 30 min 
YOYO (0.4 mmol/1, m 76 ul of TBE buiier; ana 

before tie measurement The me*— parameters are sho™ ,n TaMe 3. 
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Table 3: Measurement parameters for the electrophoretic nucleic acid extraction. 



10 



Voltage: 
Buffer. 



-10 kV for 10 min. then +10 k V for 10 min 
Tris/borate (100 mmol/1, pH 8.5) 



Capillary: 



15 



Capillary electrophoresis 
apparatus: . 



Coated quartz capillary, 75 urn internal diameter, 
57 cm length, 50 cm to the detec tor (Biorad, Munich), 
PACE 5510 (Beckman, Munich) 



Temperature: 



25°C 



Detection: 



UP (Argon) EX 488, EM 520 nm. Gain 100 



Injection: 



Capillary flushing 
before the injection^ 



2 x electrokineticallv (60 min * - 10 W) from 50 ul 

1. Water (1 min, 5 x 10 4 Pa) 

2. Buffer (3 min. 5 x 10* Pa) - 



The detection profiles revealed a marked increase to the fluorescence after about 
10 min, which rapidly reached a plateau. After about 30 min. the fluorescence 
declined again, associated with a gradual increase in the current in ~ The 



level of the plaeau.correlated with the amount of DNA. No significant fluorescence 



was ■■■ c nt rr- m»u any sample in the second injection. The data demonstrate the 
comp^Textraction of the pBr DNA in the 1st injection. We conclude from the 
change in the fluorescence that all the nucleic acid was completely injected after only 
30 min. 

These data show unambiguously that all the nucleic acid in a sample volume can be 
injected electrokinetically into a microchannel. In combination with the size 
exclusion membrane, it ought to be possible to concentrate this nucleic acid mto a 
few nanolitres and thus make it detectable. 
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Nucleic acid concentration 



Nucleic acid was injected into the microchannel with incorporated membrane using 
the measurement conditions in Tab. 2. For this purpose, pBr DNA (2.5 
was injected for 25 min and then focused with the separation buffer (Fig. 2). The 
DNA was not directly detectable at this low concentration. After 10 min, the polanty 
of the voltage was reversed and the concentrated DNA migrated after 12 mm as 
intense peak back through the detector. Virtually all the DNA in the 50 ul sample 
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(O.lmg) was concentrated into less than 50nl CI cm in.the capillary). The 
enrichment factor was thus a factor of 1000. 

Derivatization on the membrane 

(Tab. 2). However, the voltage was n fdieroembmefrom 

immobilization, but the buffer vessel located on the other »de o fte ™ 

the DNA was replaced by a buffer solution containing cauoiuc ^tercalaUng ,4y 

the y u maintained for a further 20 

CYOYO 0.4 mmol/1, Molecular Probes), i nevou*gc w» 

m «T,Hran e The DNA was thus incubated with YOYO on tne mem 

=rssr- set. :r. r- r- - — 

The electrokinetics injected DNA migrated through the UV detector after 2 mia 
Two nto.es after the reversal of polarity it was possible to detect a srgnal wrth a 
l^L area, which corresponded to the stained DNA. Tne UV-VrS spectrum o 
LVected DNA generated by diode array detection (DAD) in th, 
showed the typical UV spectrum with 2 absorption maxima at 200 and 260 nm. After 
lubation vL YOYO on the membrane, the DNA additional!, showed an 
absorption maximum a. 490 nm. This corresponds exactly to the ab^rpuon 
maximum of DNA intercalated with YOYO. It was thus posstble to demonstrate that 
- macromolecules can be derivatized in the microchannel. 



Coupling with electron microscopy 

30 Coupling with electron microscopy (EM) is intended to demonstrate further analysis 
of prepared macromolecules. 

Herpes simplex viruses (Type 2) were stained with YOYO (Molecular Probes) and 
detected by laser-induced fluorescence detection (LIF). For this purpose 4 u of 
35 HSV-2 solution (5 x 10 s viruses/ml) were added to YOYO (0.4 rnmol/1, m 76 ul of 
TBE buffer) and incubated at RT for at least 30 min before the measurement. The 
measurement parameters are shown in Table 3. 
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15 Fig. 1: 



nt\ on\ were detected as individual signals. 
The few inject*. h«— ™- <«-» >™ d uodei compaIable 

T „ identify the >*>"^ ^ l^tha nanofracuon col.ector 
electrophoresis condiuons m a Prrnce Cfc luauer i fractionated 
5 (Probcl MI Instruments). The end of the tnicrochannel was n th.s case fiacuon 

time control onto different electron microscopy earners and, after negauve 
contrasting with uranyl acetate, examined by EM. 

, t was possib.e unambiguously to detect HSV pardc.es in the expected 
10 showed for the firs, time with viruses as examples that macromolecules are available 
after electrophoretic separation as intact particles for further analyses. 

Keys to the figures 

Diagrammatic representation of the purification apparatus. A 
microchannel (1) with incorporated membrane (2) connects 2 buffer 
vessels (3, 4). These buffer vessels can be brought to different voltages 
(5) via incorporated electrodes. It is also possible to apply various 
pressures via a pressure control device (6). The sample to be investigated 

Diagrammatic representation of the concentration. The macromolecule to 
be investigated was injected electrokinetically into the microchannel (1) 
with incorporated membrane (2). The sample vessel has already been 
replaced by the concentration buffer (7). The macromolecules migrate as 
far as the membrane and are retained there. 

Fis 3 - Diagrammatic representation of sample modification. The derivatization 

reagents are present in the reaction vessels (8, 9) and are brought to the 
concentrated macromolecules either electrokinetically and/or with the aid 
of pressure. 

Fig 4 - Diagrammatic representation of an on-line analytical method. The 

concentrated and modified macromolecule is mobilized electrokinetically 
in the microchannel (1) past a detector window (12) so that the 
spectroscopic properties can be analysed and evaluated (13). 



Fig. 2: 
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Fig. 5: 



Fig- 6: 
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^rinn of the fractionation of the purified 
D^ammaUc represent ion .of the high-th* p— 

applu, A piuraiiry of microchannels «• ° ~ 

clpatibie with the sample format (for example nacrontte pla^e 
ro Jhrane „ U — over - n « - - — a 
second microchannel array (15). The proceoure 
arrangements corresponds to Figs. 1-5 . 

Dramatic representation of the enrichment apparatus for rapid 

uiagr * , . v ,„«P.i n\ there is a shallow channel 

concentrations. Beside the microchannel (1) there is a » 

(16 ) which is connected to the microchannel (1) vu the transfer channe 

(17) . The shallow channel allows for much higher flow rates and thus 
larger enrichment factors. Details in the text. 

Fie 8 - Diagrammatic representation of the rapid enrichment from salt- 

conling solution viewed from above with nucleic acids as 
The enrichment takes place by applying a voltage (6) to the shallow 
channel (16) (Fig. 8a). The voltage is maintained until all nuclei acids 
axe immobilized on the membrane surface (2) (Fig. 8b). If a voltage 6) is 
now applied between the shallow channel (16) and the microchannel (1), 
as indicated, then the purified and concentrated nucleic acid nugra tes 
from the large membrane surface of the shallow channel (16) to *e 
membrane of the microchannel (1) (Fig. 8c) and is then available for the 
analogous methods (Figs. 3-6). Details in the text. 



